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ABSTRACT
Oxygenated fluid mixture can be used to treat critically ill patients suffering from
asphyxia, lung injury, and cardiac arrest. This oxygenated fluid delivered intravenously
re-oxygenates the bloodstream, allowing for more time to resuscitate a patient before they
suffer brain and/or organ damage. The concentration of the mixture is crucial for
treatment as it affects the viscosity of the fluid, which in turn affects how well the fluid
mixes with blood and how long it takes for oxygen to diffuse out of it. Evaluating the
quality of fluid delivered and characterizing oxygenated fluid mixture at different
concentrations was paramount.
Since the fluid is a non-Newtonian emulsion, delivering a specific flow rate is challenging
due to the following effects: degradation, compressibility, and shear thinning. Therefore, a
testing machine was developed to aid in understanding the fluid dynamic behavior of the
oxygenated mixture. The quality of the fluid can be assessed through measurement of the
volume percentage, particle size distribution, oxygen tension, and rheometry. The data
collected from the experiments will serve to create a model for delivering a specific
volumetric flow rate of the fluid at atmospheric pressure.
Thesis Supervisor: Alexander H. Slocum, PhD
Tile: Neil and Jane Pappalardo Professor of Mechanical Engineering
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Chapter 1
Introduction
1.1 PURPOSE AND MOTIVATION
Oxygenated fluid mixture can be used to treat critically ill patients suffering from
asphyxia, lung injury, and cardiac arrest. This oxygenated fluid delivered intravenously re-
oxygenates the bloodstream, allowing for more time to resuscitate a patient before they
suffer brain and/or organ damage. The concentration of the mixture is crucial for treatment
as it affects the viscosity of the fluid, which in turn affects how well the fluid mixes with
blood and how long it takes for oxygen to diffuse out of it [1]. As such, evaluating the
quality of fluid delivered and characterizing oxygenated fluid mixture at different
concentrations is paramount.
1.2 OVERVIEW OF PUMP DESIGN
A main objective is to characterize oxygenated fluid mixture at different
concentrations. Since the fluid is a non-Newtonian emulsion, delivering a specific flow rate
is challenging due to the following effects: degradation, compressibility, and shear
thinning. Therefore, a testing machine must be developed to aid in understanding the fluid
dynamic behavior of the oxygenated mixture. The data collected from the experiments will
serve to create a model for delivering a specific volumetric flow rate of the fluid at
atmospheric pressure.
The purpose of the test machine is to deliver a desired flow rate, and to aid in the
characterization of the mixed fluid. The test machine consists of a bellows squeezed
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between two plates. One plate is moved with a stepper motor at increments as small as
0.001 inches. As the stepper motor presses the bellow, the fluid inside is pressurized and is
allowed to flow out of an exit port. A Y-junction is used to combine the oxygenated fluid
with saline to dilute and mix the final solution to be delivered to the patient. The test
machine is to be assessed for both accuracy and precision by comparing collected data with
accepted values.
1.3 PRIOR ART
There are many different types of pumps used in hospitals but most are not faced
with the challenge of on-site dilution, compressible fluids, or high flow rates. The
Belmont Rapid Infuser, for example can provide high flow rates, but would damage the
delicate oxygenated fluid. Also, the Enhanced ACL Repair gun, is capable of mixing
fluids, but is not used for pumping.
1.3.1 Belmont Rapid Infuser
The Belmont Rapid Infuser is a high efficiency electric warmer coupled with a
high speed peristaltic pump [2]. It is capable of measuring flow rate, the temperature at
the inflow and outflow of the heater, patient temperature, and line pressure.
Unfortunately, this device alone is not sufficient for the oxygen suspension because the
pumping mechanism causes cavitations in the fluid. It is also unable to compensate for
the compressibility of the fluid when calculating flow rate. It can, however, detect and
trap air bubbles before infusion into the patient. As such, even though the full system
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cannot be used, the team chose to extract its bubble trap for use in our design, as it should
be capable of handling high flow rates.
1.3.2 Enhanced ACL Repair
The enhanced ACL repair gun is the product of a previous Precision Machine
Design class project at MIT that allows for proper mixing and heating of a fluid [3]. The
gun has a heating unit on one end and an adjustable auger that mixes fluid when
deployed; this product faced the mixing challenge that also needs to be addressed in the
dilution of the oxygenated fluid. The auger inspired the use of a helical structure, passive
mixing technique for this device.
13
Chapter 2
Functional Requirements
2.1 FUNCTIONAL REQUIREMENTS
We are seeking to design and manufacture a prototype device that will:
1. Accommodate 1 L of the oxygenated fluid
2. Rapidly infuse the suspension into a 14 gauge catheter
3. Accurately measure the rate of injection (±10%)
4. Not degrade the fluid
5. Maintain sterility
6. Be disposable
7. Be cost appropriate
8. Trap air bubbles before infusion
9. Mix the concentrated oxygenated fluid with saline
Since the average American adult consumes about 200mL/minute of oxygen, and
every minute counts in emergency situations, it would be ideal to provide at least one liter
of fluid to a patient in five minutes. As such, there is a flow rate expectation of
200mL/minute and this must be accurate to ±10 percent. Also, since the 90 volume
percent fluid is incredibly viscous, the fluid must be diluted with saline before being
injected into a patient.
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The pump must also be cost appropriate so that it can be purchased by hospitals
and made readily available. In addition, there are several safety issues that arise when
working with medical devices. For instance, the pump cannot degrade the fluid in any
way and must be able to be kept sterile. Anything in contact with the fluid should also be
disposable. Finally the pump must trap air bubbles before infusion since infusing air
bubbles can result in air embolism.
2.2 STRATEGIES AND CONCEPTS
The device must store and expel a large volume of fluid, so the team chose to
design a bellows-based compression pump. Although syringes are widely used in the
medical field, very few can hold over one liter of a fluid and frictional effects while
dispensing make them difficult to characterize. The oxygenated fluid and saline will be
pumped independently, meet at a Y-junction, and then travel together through a static
helical mixer. See Figure 2-1 for the initial concept diagram.
Using the bellows combined with a load cell allows for a force-based feedback
control system. The core insight is the following: if the system knows a compressibility
curve for the fluid, it can convert the volume expelled from the bellows at a given
pressure to a "normalized" volume of fluid expelled (where normalized refers to volume
at atmospheric pressure).
15
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Figure 2-1 - depicts the initial concept design.
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Chapter 3
Design and Fabrication of the Testing Device
3.1 PUMP DESIGN
The design can be broken up into three modules: the oxygenated fluid dispenser,
the saline dispenser, and the mixer. The oxygenated fluid dispenser consists of the
bellows, a linear actuator to compress the bellows, and a feedback control system.
3.1.1 Bellows Design
The bellows were designed to hold one liter of the oxygenated fluid and also had
to be long enough to allow for sufficient control of the fluid flow out the bellows during
compression. It was preferential to have a higher length to diameter ratio in order to have
better control during compression. The physical bellows chosen has a 5" outer diameter,
2.5" cap diameter, and extends to a maximum of 5.5". The selected model was produced
by Blow Molded Specialties and is made out of low-density polyethylene.
The bellows is capable of holding about 1.28 liters of the fluid; the volume
exceeds one liter because not all of the fluid is expelled when the bellows is fully
compressed; it was observed that 275 mL of fluid remains inside the bellows at full
compression. This result indicates that 1.005 L of fluid can be dispensed in actual
testing, slightly greater than the desired one liter. Figure 3-1 shows an image of the
bellows.
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Figure 3-1 - An example of the bellows for our system.
3.1.2 Bellows Cap Design
In addition to specifying bellows dimensions optimal for fulfilling the functional
requirements, it was necessary to create a cap to attach on one end of the bellows. This
allowed for easy insertion and removal of fluid during testing, as filling fluid into the
bellows via a smaller opening would be less efficient.
Design of the cap required a thread to mate onto the already existing external
thread on the neck of the bellows shown above, as well as a small hole in the center
where a ball valve could connect the fluid to the rest of the system. Figure 3-2 shows the
cap with an o-ring attached onto a groove on the top. The purpose of the o-ring is to
create a seal between the cap and bellows, preventing leakage of the fluid. The cap was
3D Printsmith LLC printed.
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Figure 3-2 - Finished Bellows Cap with o-ring.
3.1.3 Plumbing
In order to correctly size the tubes used in the machine, the pressure drop across
each section in the machine was calculated using Equation 1. The section with the largest
pressure drop is the connection between the bellows and the Y-connection because the
viscosity the 90 percent concentrated oxygenated fluid is extremely viscous. Based on
Equation 1, the critical parameter in determining the pressure drop is the radius of the
tube since it is raised to the fourth power. As such, to minimize this pressure difference
we increased the radius of the tube between the bellows and Y-connection to 0.25".
AP = 8yLQ (1)
The majority of the plumbing used in this device consists of 0.25" diameter tubing, push
to connect reducers and connectors, male and female Luer-Locks, caps, stopcocks, and a
ball valve. All of the plumbing is disposable. Other more important components of the
plumbing include the helical mixer and the bubble trap, which were mounted to the frame.
19
3.1.4 Linear Actuator
The bellows is compressed by a linear actuator mounted on the top of the frame; the
actuator rod is attached to a compression platform that pushes on the bellows from above.
The chosen actuator needs to travel less than 12" in 5 minutes and produce less than 100
pounds of force. The selected part is from Haydon Kerk (57F62-12). It produces 140
pounds of force, a 19" stroke, a maximum speed of 0.38"/second with a Phidgets stepper
motor controller, and 0.001" resolution.
3.1.5 Saline Dispenser
Saline is stored in a standard bag, laid flat on the shelf on the left side of the device,
and pumped by a Fisher Scientific Variable-flow peristaltic pump, which is controlled
manually. The peristaltic pump is capable of producing flow rates from 30mL/min to
lOOmL/min, which covers the required range. The pump is a simple device that is
familiar to doctors and nurses.
3.1.6 Mixer
A mixer is needed to combine the concentrated oxygenated fluid with saline. This
reduces the concentration from 90 percent to 70 percent gas by volume, which in turn
reduces the viscosity of the fluid and makes it suitable for infusion. The concentrated
oxygenated fluid and saline meet at a Y-junction to minimize damage to the fluid. They
then combine and pass through a single plumbing path into a static, helical mixer, similar
to an epoxy mixer.
20
The full system overview is shown in Figure 3-3.
To Computer
Figure 3-3 - This figure shows the overall system diagram.
3.2 FABRICATION
The device is composed of three main components: the frame, the sliding plate,
and the plumbing. The frame is composed of 80-20, which is a slotted aluminum bar. 80-
20 is modular and allows for easy adjustable attachments of many components. Attached
to the 80-20 are different plates, made of M" aluminum, which were cut using a waterjet.
The frame and plates were all attached using standard 80-20 fasteners and screws. The
frame was sized based on the bellows chosen. Since the outside diameter of the bellows
was a maximum of 5.5", the top and bottom plates were dimensioned to be 8" by 8"; this
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allows enough clearance for easy loading of the bellows. The total height of the structure
is about 22"; we decided to make the device with extra vertical space to allow for
changes in bellows dimensions. This space also allows for easy modifications and
improvements.
(a) (b)
Figure 3-4 - This figure shows the 3D model of the device (a) and the
actual device with components attached (b).
The sliding plate, shown in more detail in Figure 3-5, is the main component of
the device. Sliding brackets are attached to both sides of the plate.
Figure 3-5 - The sliding plate and all the major components attached to it.
22
Spacers are also attached in the same place as the bracket. These reduce the risk of
jamming and/or wedging due to St Venant's principle. In the center of the plate, the force
sensor is mounted below and the linear screw is attached above. This ensures that the
force from the screw is measured along the same axis that it is exerted. In this
configuration, the force measured does not include the friction between the brackets and
the frame. A limit switch forces the system to stop before impacting the frame.
23
Chapter 4
Feedback Control System
4.1 ELECTRONICS
A standard load cell attached to a Data Acquisition unit (DAQ) through an Omega
amplifier provides data to the system. There is one limit switch near the top of the frame
and one limit switch near the bottom of the track and these serve to mark the boundaries
of the stroke. The DAQ samples the amplified load cell and limit switches, sending data
back to a computer through a USB connection.
4.2 LabVIEW Program
The pump is controlled by LabView code written for the application. The
software progresses through a number of stages and in the following order:
* Initialize -checks all connections and makes sure the stepper motor is engaged and
ready to be operated.
* Bellows Top-stepper motor moves downward until a non-zero force is detected; this
indicates the top of the bellows.
* Manual Jog -allows the user to manually control the position so that all the air from
the bellows is purged before calibration; air is a compressible fluid and if included in
the calibration, it will give an incorrect understanding of the oxygenated fluid's
behavior.
* Calibration-performs a compression test of the fluid and determines its
compressibility curve, as this may vary from batch to batch.
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- Motor Control--dispenses fluid. (a logic diagram for this feedback loop is shown in
Figure 4-1)
e End-cleans up the program and closes the operation of the stepper motor.
Send initial
signal to mot
with desired
motor speed
New motor speed
volume VF(N
Figure 4-1 - Pumping logic.
Figure 4-2 shows the user interface, which appears as two separate tabs. The first tab
displays information from the following states: initialize, bellows top, manual jog, and
calibration. The second tab displays information from the calibration and motor control
phases.
25
Figure 4-2 - LabVIEW user interface.
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Chapter 5
Evaluation of Pump Behavior
5.1 INITIAL PROTOTYPE
In order to test the initial prototype, we pumped water from the bellows out
through the patient line, mixing blue water and red saline to make purple output fluid. In
addition, we calibrated the peristaltic pump's speed versus flow. Finally, we conducted a
test with our device using the oxygenated fluid and saline. As can be seen in the picture
below, our device successfully dispensed a uniform, diluted form of the oxygenated fluid.
Figure 5-1- Sample fluid after being pumped and mixed using our device.
5.2 PERISTALTIC PUMP
For the first test of the updated system, we measured the flow rate of the
peristaltic pump; the pump needs to be consistent in order to deliver well-mixed fluid.
These tests were done at an input setting of "8" and with the bag hanging vertically on
the side of the setup. We tested the pump in three-minute intervals because we need the
device to pump saline for a total of five minutes at a time in normal practice; three
minutes should offer a sufficient assessment of performance. This resulted in an average
flow rate of 84.9 ± 10 mL/min, which is not accurate enough for our system. We also
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found that primetime is not very predictable and that as the volume in the saline bag
changed, the flow rate changed. The results from these tests can be seen in Figure 5-2.
As stated in the functional requirements, the flow rate needs to be accurate to ± 10
percent and has to be consistent whether the bag is full or not. As such, we tried a
different experimental setup in which the saline bag was horizontal with an aluminum
plate on top of it. We found an average flow rate of 85.5 mL/min with a standard
deviation of 2.4 mL/min. This test ensured that the pump is reliable and will pump out a
consistent amount of saline in every use if the saline bag is kept horizontal. In order to
determine whether or not the weight on the saline bag is necessary, we should repeat the
experiment with and without the plate.
Volume of Saline Through
Peristaltic Pumip
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Figure 5-2 - Peristaltic Pump Preliminary Test Results
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We should repeat all of the preliminary tests with the saline bag flat, including
observing the flow rate over time for a variety of input settings. We will need to use that
information to set the peristaltic pump to a specific flow rate after calibrating the bellows
in order to get the correct mixture. During this test, we should also determine how long it
takes to prime the machine assuming that it will run with the tubes initially empty.
5.3 BELLOWS PUMP
Initial tests using our bellows pump and the python code were done with water.
We compared the flow rate that we input into the system to the flow rate observed. These
results can be seen in Figure 5-3. With this code, an input setting of "200" resulted in a
flow rate of about 90mL/min.
Water Displaced by Bellows Pump Water Flow Rate
350 140
:300 120
250 100
,9200 Trial I " 8
1 0 .0 ia 2Trial 
2
Tra 3 m.rial :3
>i 
~ a 1 0 4 0.100 40 -Trial 4
50 20 -Trial 5 ("240")
0~ 0- 
-
0 2040 60 80 100120 140160180' 1 2 3 4 5 6 7 8 9
Time (a) Axis Title
Figure 5-3 - Preliminary Bellows Test Results
In order to further test our bellows with the LabVIEW code, we should once again
calculate the flow rate by measuring the volume of water dispensed over twenty-second
time intervals for a total of three minutes. This test will reveal whether or not the pump is
reliable in terms of consistently delivering a specific volume of fluid. The input setting,
150 mL/min will be used for this round of data collection.
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Next we can change the input settings of the bellows pump in order to determine
the range of available flow rates. During this test, we can also determine the amount of
time needed to prime the machine assuming that it will run with all tubes initially empty.
In this test, we will measure the total displacement of the bellows and the amount of fluid
left in the bellows since the bellows cannot be fully compressed. Last but not least, we
will record the peak force output from the load cell. This test will be done with water, and
then with a viscous fluid analog. Water is significantly less viscous than the oxygenated
fluid, so it is important to conduct tests with a more viscous fluid before using the
oxygenated fluid to ensure that our system could handle the increase in viscosity.
Once we successfully show that the machine can pump the viscous analog, we
will begin testing it with mixtures of water and oxygenated fluid. The purpose of this test
will be to help us identify any problems that our code could potentially have before
filling the bellows with only the highly viscous 90 percent gas by volume oxygenated
fluid. In each trial we will increase the percentage of oxygenated fluid by twenty percent.
Finally, we will test the bellows pump with the oxygenated fluid.
Once we are confident that the peristaltic pump and bellows pump are functioning
properly independently, we will begin testing the full system. We will pump the
concentrated oxygenated fluid through the bellows and the saline through the peristaltic
pump in order to dilute the 90 percent oxygenated fluid to 70 percent oxygenated. The
mixed fluid should be dispensed at a flow rate of 200mL/min since we want to pump a
total of one liter in five minutes. We will measure the flow rate of the mixed fluid, prime
time, total volume of fluid leftover, maximum force on the bellows, and displacement of
the bellows.
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Chapter 6
Assessing Fluid Quality
6.1 QUALITY OF MIXED FLUID
Evaluating the quality of the delivered fluid is paramount for this device. Concerns
include: volume percentage, particle size distribution, oxygen tension, rheometry and
degradation. Since the 90 percent gas by volume, oxygenated fluid is compressible and
non-newtonian, it may be helpful to assess the fluid at a range of concentrations-from 10
percent to 90 percent gas by volume in 20 percent intervals. This would allow for easy
identification of at what concentration any problems arise. These tests were done by
mixing the fluids by hand since the pump is not yet ready to be used, however, they will
act as comparison data when the tests are repeated with fluid dispensed by the pump.
6.2 VOLUME PERCENT
It is important to confirm that the mixed fluid dispensed by the pump is 70% gas
by volume, as it is one of the functional requirements requested by the client. In order to
do this, a defined volume of fluid within a syringe can be weighed to calculate the volume
of the fluid phase, assuming that the fluid is mostly water so its density is known (
P =1ater lg / mL); the mass of an empty syringe with a cap is 74.56 grams and must be
accounted for in calculating the mass of fluid alone. The remainder of the volume
contained within the syringe can then be assumed to be gas trapped within lipidic oxygen
microparticles (LOMs) and the volume percentage can be calculated using Equation 2,
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Volume% = gas
V
Volume% = Y'"l ' iquid (2)
Vtal
Volume% = V, -(moa - m5 ,.,n, ) ' pw,,,)
Vtotal
The oxygenated fluid originally provided by the doctor is always about 90 percent
gas by volume but since Dr. Kheir's fluid manufacturing procedure is not entirely
consistent, the volume percentage must be verified first using the method just detailed.
This original volume percentage can then be used to determine the amounts of oxygenated
fluid and saline needed for a certain desired volume percentage. Equation 3 allows for
calculation of the volume of oxygenated fluid need for a certain desired volume
percentage and total desired volume, while Equation 4 allows for calculation of the
volume of saline needed in the mixture.
Volume 02 Fluid(mL) = Desired Volume % Total Desired Volume (mL) (3)Original Volume %
Volume Saline (mL) = Total Desired Volume(mL) - Volume 02(mL) (4)
The results of using Equations 3 and 4 to calculate the volumes of oxygenated
fluid and saline needed for the range of concentrations detailed in section 6.1 are displayed
in Table 6-1. In this case, the original oxygenated fluid provided by the doctor was
determined to be 93 percent using the weighing method.
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Table 6-1 Theoretical Mixing Proportions
Desired Original Volume Volume 02 Fluid Volume Saline
Volume % % (mL) (mL)
10 93 10.75 89.25
30 93 32.26 67.74
50 93 53.76 46.24
70 93 75.27 24.73
90 93 96.77 3.23
Mixtures were made by first drawing the desired volume of oxygenated fluid from the
original syringe into a new one using a T-connection with luer locks. Similarly, the
desired volume of saline was drawn into the new syringe, and the two fluids were mixed
by hand agitation. The mass was determined using the Mettler Toledo scale shown in
Figure 6-1 and the volume percentage was confirmed using Equation 2.
!~?
Figure 6-1 Mettler Toledo Scale
Unfortunately, when this theory was tested in lab, these predictions resulted in
over-dilution of the oxygenated fluid, so a smaller volume percentage than intended. For
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example, mixing 11 mL of the 93 percent oxygenated fluid with 89 mL of saline for the
intended 10 percent gas by volume mixture, resulted in a mass of 85.5 g and volume
percentage of 4.96. After expressing concerns to the doctor's intern, Lindsay Thompson,
she explained that thus far, they have been diluting the fluid through trial and error rather
than through reliable calculations. They add saline to the oxygenated fluid, determine the
volume percentage, and add saline or oxygenated fluid accordingly; if the mixture is still
too concentrated, then add more saline, and if it is too diluted, then add more oxygenated
fluid. This trial and error process is repeated until the desired volume percentage is
reached.
Since the theoretical model developed did not provide the desired volume
percentages, those proportions were used as a starting point and then saline/oxygenated
fluid was added appropriately until the desired volume percentages were obtained. The
proportions of oxygenated fluid and saline used to get the desired volume percentage
within ±5 percent are listed in Table 6-2.
Table 6-2 Experimentally Observed Mixing Proportions
Desired Volume Volume Mass Total Actual
Volume % 02 (mL) Saline (mL) (g) Volume (mL) Volume %
10 54 16 59.8 70 14.57
30 32 30 32.1 43 25.35
50 13 22 16.5 35 52.86
70 N/A N/A 13.5 48 71.88
90 pre-made pre-made 3.6 52 93.08
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6.3 PARTICLE SIZE DISTRIBUTION
6.3.1 AccuSizer
Particle size distribution can be determined by light obscuration using an
AccuSizer, pictured in Figure 6-2. The AccuSizer analyzes a 10 microliter sample of a
fluid and outputs mean particle diameter and the number percentage of particles exceeding
10 micrometers in diameter. Particles of diameter above that threshold increase the risk of
LOMs becoming trapped within the vasculature and causing an oxygen gas embolus.
Figure 6-2 - AccuSizer 780A, Autodiluter by Particle Sizing Systems NIComp
The AccuSizer program gives an output plot distribution with a count of the
number of particles of each diameter, an example of which is shown in Figure 6-3. As the
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plot shows, almost all of the particles are less than 10 micrometers in diameter, as needed,
with the majority of the particles less than 5 micrometers in diameter.
6000
1000
0. 2 s 10 20 s0 100 200 smn
Figure 6-3 - Example of particle size distribution chart.
The mixtures made in the volume percentage experiments discussed earlier were
used in the AccuSizer to determine the mean particle diameter for each sample. Table 6-3
lists the mean particle diameter for a range of volume percentages ranging from ten to
ninety percent in twenty percent increments; the mean particle diameters listed are an
average of three trials per volume percentage. All samples have a mean particle diameter
of less than 10 micrometers, which is necessary in order to avoid air embolisms. There
also seems to be a trend between volume percentage and particle size; it appears that the as
the gas by volume percentage increases, the mean particle diameter increases as well, with
52% being the only exception to that trend. This can be explained by fact that as the
concentrated oxygenated fluid is diluted, the larger micro oxygen particles can be more
easily released from the lipid molecules. As such, the more that the concentrated
oxygenated fluid is diluted, the smaller the mean particle diameter.
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Table 6-3 Mean Particle Diameters
Volume Percent Mean Particle Diameter (urn)
13% 3.52
25% 4.49
52% 4.27
71% 5.74
92% 7.72
6.3.2 Imaging
Particle distribution can also be imaged using differential interference contrast and
phase microscopy to ensure there is no stratification in the stored, concentrated fluid, as
well as verify thorough mixing after the oxygenated fluid has been diluted with saline.
There must be an even particle distribution using the current passive helical mixer in the
system; if not, then it may need to be replaced by a differently shaped passive mixer, like a
90-degree mixer, or an active mixer. Figure 6-4 shows the Olympus microscope used here.
Figure 6-4 - Olympus Microscope
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The images acquired using the Olympus microscope are displayed in Figure 6-5.
These images confirm that there is an even particle distribution; there does not seem to be
any sort of stratification or clustering of the microbubbles by size or shape. Since there is
no stratification are slight hand agitation of the mixture, this is a good indication that the
helical mixture may be sufficient for thorough mixing as well. Furthermore, there is no
stratification of the 93 percent gas by volume sample which was pre-made by the doctor
and stored overnight in a refrigerator, so storing the fluid for a day does not seem to result
in size separation. These images also confirm the trend noted in the particle sizer data-as
the volume percentage increases, the particle size increases with it. There is no image for
the 13 percent gas by volume sample because it was so dilute that it was difficult to find
any groups of bubbles.
Figure 6-5 - Microscopy Images of Oxygenated Fluid
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6.4 OXYGEN TENSION
Oxygen tension, P 0 2, is the partial pressure of a component of a gas dissolved in a
fluid and is measured in mmHg [4]. Similarly, pCO 2 is the carbon dioxide partial pressure.
Finally, pH quantifies the hydrogen ion concentration of a solution, where a pH of seven is
a neutral solution. Oxygen tension, carbon dioxide tension, and pH can be calculated using
a Clark electrode, pictured in Figure 6-6, by placing a 50 microliter aliquot of the fluid into
a blood gas machine. The pH, P0 2, and PCO 2 outputs from this machine can be used to
further confirm repeatability of the fluid. If each concentration of the oxygenated fluid
results in the same pH, pCO 2, and P 0 2 then the fluid and mixing methods are consistent.
This test, however, is more difficult because any exposure to air can change the readings
significantly.
Figure 6-6 - Blood Gas Machine
This blood gas machine was used for the five different samples, and the results of
pH, pCO 2, and P 0 2 are listed in Table 6-4. The data collected from the experiments will
serve to create a model for ensuring that the correct volume of fluid at the desired
concentration is delivered. As expected, the pH does not vary much from the neutral for
any of the samples, and pCO2 is much less than P 0 2 for all samples as well.
39
Table 6-4 pH, pCO2, and P 0 2 Results of
Volume pCO2 p02
Percent pH (mmHg) (mmHg)
13% 6.72 4 592
25% 6.78 2 507
50% 6.63 9 749
70% 7.4 4 742
90% 7.44 5 346
6.5 RHEOMETRY
Rheometry measurements were obtained using a parallel plate geometry, shown in
Figure 6-7, to find the steady state flow viscosity as stress is varied from 0.1 to 1,000
pN-m. Rheologic profiles have been characterized for concentrations of 90 percent, 80
percent and 65 percent oxygen, shown in reference Figure 6-8.
Figure 6-7 - Rheometer
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Figure 6-8 - Reference Rheology Profile [5].
There is a significant change in the fluid shear force versus viscosity curve
occurring between 80 percent and 65 percent oxygen mixture concentration, as can be seen
in Figure 6-8. The viscosity of the 90 percent, concentrated oxygenated fluid appears to be
about one million times more viscous than water, which has a viscosity of 0.001. Assuming
that the 70 percent by volume fluid rheology profile falls between that of 80 percent and 65
percent, it should still be several orders of magnitude greater than the viscosity of water.
One goal of this research was to find the rheologic profile at approximately 70
percent gas by volume. The existing samples at 90 percent are used to calibrate the test
machine. The data for 80 percent and 65 percent concentrations can be used to further
verify the operations of the machine thus providing a closer region of calibration around 70
percent.
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The doctor manufactured the 92 percent gas by volume sample, and this sample was
then diluted using saline to create the 71, 52, 25, and 13 percent gas by volume samples.
Figure 6-9 shows a graph of stress (Pa) versus viscosity (Pa-s), both on logarithmic scales,
for all five samples. As expected, the 92 percent gas by volume sample has the highest
viscosity, and viscosity decreases as the volume percentage decreases. In addition, the 13,
25, and 52 percent gas by volume samples all have linear relationships, which was
expected since the 65 percent gas by volume reference profile shows a shift to a linear
relationship as well. The 71 percent gas by volume sample, on the other hand, has three
inflection points, as seen in the 90 and 80 percent gas by volume reference profiles.
However, there were a few discrepancies. First of all, each profile seems to have a
viscosity smaller than the reference rheology profile by about two orders of magnitude.
This difference is worrisome since even the 92 percent gas by volume sample, which was
unchanged from when it was manufactured by the doctor varied greatly from the reference;
this indicates that the fluid manufacturing method itself is not very repeatable. In addition,
all of the reference profiles for the oxygenated fluid show a general trend of decreasing
viscosity as the stress increases, but in the experimental data, the viscosities for 71, 52, 25,
and 13 percent gas by volume remain relatively constant as the stress increases.
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Figure 6-9 -Rheology profiles for a range of volume percentages.
6.6 DEGRADATION
The concentrated oxygenated fluid is not always used immediately, so it is often
stored in a refrigerator until it is needed. However, over time, the fluid seems to degrade
and some oxygen microparticles are released into free gas. This causes some degradation of
the fluid, and as was visually observed, this degradation occurs quickly over the first
twenty-four hours, and then slows down significantly. If given more time, degradation of
the concentrated form of the oxygenated fluid could be assessed by measuring the change
in volume over a time and calculating the new volume percentage.
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Chapter 7
Conclusions and Future Work
The device detailed in this paper should be able to successfully store and dispense
one liter of fluid, mix the concentrated form of the oxygenated fluid with saline, maintain
sterility, and preserve the fluid's properties, all in a cost appropriate manner. Further work
is required to ensure that the control system is functioning properly which will be done
using the testing plan discussed for determining flow rates and prime times. The bubble
trap needs to be debugged or replaced; a new one may need to be created or purchased to
handle the high infusion rate.
Finally, the quality of the fluid dispensed can be assessed through volume
percentage confirmation, particle size distribution, oxygen tension, and rheometry. The
results from these tests can be compared to the results from the tests using fluid mixtures
made by hand. For example, the mean particle size should be less than ten micrometers,
the P0 2 should be on the order of 500 mmHg, and the viscosity should be at least an
order of magnitude greater than that of water. Once the entire system is working
correctly, the system can be used as a research tool for Dr. Kheir.
There are many smaller improvements that can be made to the device in the future
as well. We can replace zip ties with clips, optimize the tubing and plumbing component
layout, improve the gliding plate, simplify the bellows insertion process, reduce the part
count, add an emergency "stop" button, reduce the vibrations in the device, and improve
ergonomics. In addition, we would like to increase the portability of the device so that it
can be easily used in emergency situations.
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